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Abstract 
The influence of temperature on the open-circuit voltage (VOC) of crystalline silicon solar cells is analysed using 
different semiconductor temperature models with different levels of accuracy. The strongest influence besides the 
direct dependence of the intrinsic carrier concentration on temperature results from the temperature dependence of the 
band gap and the effective density of states, while the incomplete ionization plays a minor role for the implied 
voltage. However incomplete ionization can play an important role for the external voltage at temperatures below 
50K due to imperfect selectivity of the emitter and back surface field. The observed saturation of VOC towards low 
temperatures is caused by the effective density of states. The temperature dependence from 80 K to 300 K and the 
intensity dependence as a function of temperature and illumination density were measured on a silicon wafer solar 
cell resulting in a maximum voltage of 1012 mV at T=85.8K. The measured values could be well described by 
theory. 
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1. Introduction 
A detailed knowledge of the temperature dependence of the open-circuit voltage is important as for 
the design of concentrator as well as space solar cells, but also gives an interesting insight into various 
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physical mechanisms. The open-circuit voltage increases with decreasing temperature due to a reduction 
of the intrinsic carrier concentration. Recently, a value of VOC=1104 mV at 4 K [1] was measured on an n-
type Si solar cell. In this paper, four common temperature models with different levels of accuracy and 
the resulting functional dependence of VOC are reviewed. It will be shown which physical value has the 
strongest influence on VOC. The temperature dependence of a c-Si solar cell is measured and compared 
with the theoretical models.  
2. Theory 
2.1. Implied VOC as a function of the temperature 
The fundamental link between open-circuit voltage VOC and temperature T is provided by the law of 
mass action, i.e. the requirement that the product of electron (n) and hole (p) concentrations is constant 
irrespective of temperature and illumination conditions: 
npni  2  (1) 
The electron concentration of electrons is given by the density of states N(E) and the Fermi function 
f(T,E,EF,n) 
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where EC is the conduction band edge. An analogous expression holds for holes. In thermal 
equilibrium EF,n is called the Fermi-level and the integral equals the dark carrier concentration, n=n0. 
Under illumination, the parameter quasi-Fermi level EF,n describes the total carrier concentration 
n=n0+'n, 'n being the excess carrier density. In a non-degenerate semiconductor (EC-EF>>kBT), the 
Fermi function can be approximated by the Boltzmann distribution. Integration of Eq. 2 results in 
)/)(exp( , TkEENn BnFCC   (3) 
and analogously for holes. Eq. 1 then reads  
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with e being the elementary charge, kB being the Boltzmann constant and with VOC,implied being defined as 
(EF,n-EF,p)/e The same calculation in dark (charge carrier densities n0, p0 and EF,n-EF,p=0) provides the 
temperature dependence of the intrinsic carrier concentration. With this result, Eq. 4 can be solved for 
VOC,Implied: 
 )/)(ln)( 20, iBimpliedOC nnnpeTkTV ''  (5) 
In this paper, p-type material is considered and p0 refers to the concentration of ionized acceptor 
impurities. In general, this value is the product of the ionization degree fA and the total acceptor 
concentration NA.  
In order to identify the dominant effects in the temperature dependence of the open-circuit voltage, we 
compared four different models in this paper which are summarized in Table I. In the simple model, a 
full ionization of impurities, i.e. dopants, a constant band gap and constant densities of states are assumed 
and no temperature dependence of the charge carrier masses is taken into account. The basic model 
differs from the simple model in that it takes the temperature dependence of the density of states as 
NC=NC300K·T3/2 (accordingly for holes) into account. At low temperatures, not all impurities are ionized 
(freeze out) as taken into account in the standard model, which comprises the ionization degree fA to 
describe the majority concentration up to 350°C: p0(T)= fA(T,NA,EA)·NA. The ionization degree fA is 
derived by considering the complete impurity population statistics [3]. The advanced model also 
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includes the temperature dependences of the band gap and the effective masses. For the band gap, we use 
the Varshni [2] formula with the parameterization as given in Sze [3]:  
)/()0()( 2 ED  TTETE gg , (6) 
with Eg(0)= 1.17 eV, E=636K and D=4.73·10-4 eV/K. The temperature dependence of the effective 
masses m* influences the effective density of states NC (T, m*(T))=NC300K m*(T)3/2T3/2 [4]. 
 
Table 1. The four different temperature models and their main assumptions at a glance. 
 T-dep. density of states Incomplete ionization T-dep. band gap T-dep. effective masses 
Simple No No No No 
Basic NC =NC300K T3/2 No No No 
Standard NC =NC300K T3/2 p0(T)= fA(T,NA,EA)·NA No No 
Advanced See last column p0(T)= fA(T,NA,EA)·NA Eg(T)=Eg(0)–D·T2/(T+E) NC(T, m*(T))=NC300K·m*(T)3/2T3/2 
 
Figure 1 depicts different cases: In the simple model, VOC(T) does not change its slope. The additional 
assumption of a temperature-dependent band gap results in a steeper VOC(T), but this curve still has a 
constant slope (not shown here). The next steps of complexity are the basic model with the T3/2-
temperature dependence of the effective masses, and the standard model, which also accounts for the 
majority carrier freeze out. It can be seen that freeze out is only a minor effect around 60 K. The standard 
model still differs considerably from the advanced model. However, if additionally the band gap 
temperature dependence is taken into account, both the basic and the standard model resemble well the 
advanced model (the case “Standard with Eg(T)” is omitted in Figure 1 for clarity). This means, that 
besides the direct dependence of ni on T the next prominent effect on VOC(T) are the temperature 
dependences of the band gap and the density of states. The change in slope is due to the T3/2–dependence 
of the effective density of states. Majority carrier freeze out and the temperature dependence of the 
effective masses play only a minor role. 
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Fig. 1. Implied open-circuit voltage as a function of the temperature for five different scenarios to illustrate the major effects. All 
curves were calculated for p-type (Boron) Silicon with 1.5·1016 cm-3 base doping (1 :cm) and an excess carrier density of 
'n=5∙1014cm-3 
2.2. Externally measured VOC: Effects of the selective contacts (emitter and back surface field)  
In the previous section, only the implied open-circuit voltage was considered. However, the externally 
measured voltage also depends on the selective contacts, i.e. emitter and back surface field (BSF), of the 
solar cell. According to [5], the external voltage can be described as a sum of the implied voltage and 
logarithmic terms accounting for the doping level and the excess carrier density in the emitter and BSF:  
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If the emitter or BSF are in high injection, i.e. the excess carrier density in the order of the doping 
concentration, the external voltage is lower than the implied voltage. The condition of “high injection” 
depends on the temperature because the freeze out of charge carriers changes the ratio NA/'n. Therefore, 
the functional dependence of VOC,ext(T) has to be considered when the temperature dependence of 
externally measure voltages is evaluated. 
The temperature dependence of the external voltage is modeled straight forward according to Eq. 5 by 
taking into account carrier freeze out, as discussed above for the standard and advanced temperature 
model (see also Table I). Figure 2 shows a plot of VOC,ext(T) for excess carrier densities of 1014 cm-3 and 
1016 cm-3 along with VOC,implied(T), all calculated with the advanced temperature model. It can be seen that 
the external voltage drops below a certain transition temperature. At the transition temperature, the 
ionization degree fA gets so low that the excess carrier density 'n exceeds the doping density fA·NA. In 
other words, the doped regions of the device change from being operated in low injection to high 
injection. Because higher doped material has a higher freeze out temperature, the voltage drop also occurs 
at higher temperatures, see Fig. 2, (right). Fig. 2 (left) demonstrates that for excess carrier densities in the 
order of <1016 cm-3 and for T>50K the voltage drop due to the highly doped regions can be neglected. 
Because in this study only temperatures >77K are considered, we approximate VOC,ext(T) ≈VOC,implied(T). 
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Fig. 2. (Left) Temperature dependence of the external and implied open-circuit voltage as calculated from equations (5) and (7), 
respectively. The advanced temperature model was applied and freeze out  in the emitter and BSF was included. The calculation was 
done for a p-type (Boron) 1:cm wafer with 1.5·1016 cm-3 base doping with a boron BSF (4·1019 cm-3) and a phosphorus emitter 
(1.5·1020 cm-3). The activation energies for boron and phosphorus were set to 30 meV and 45meV, respectively. 
(Right) Ionization degree of boron (activation energy 45 meV) as a function of temperature 
3. Experimental 
In this paper, a back-contact back-junction solar cell based on a 1 :cm FZ p-type (boron) wafer was 
studied. The selective contacts were formed by phosphorus and boron diffusion and a phosphorus floating 
emitter was implemented for front surface passivation. Details on the solar cell can be found in [6]. The 
measurement was done in a nitrogen-cooled cryostat with an UV transmittive optical window. During the 
temperature-dependent measurements, the cell temperature was measured with a PT100 next to the cell in 
direct contact to the copper plate onto which the cell was mounted. IV-curves were recorded using a sun 
simulator as illumination source. For the temperature and intensity dependent measurements, a Xe lamp 
was used. In all cases, the illumination density was monitored with a reference solar cell. 
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4. Results and Discussion  
4.1. Temperature dependence 
The solar cell was measured under different conditions: The full IV-curve, the temperature 
dependence of VOC, and the intensity dependence of VOC at different temperatures. The full IV-curve, 
measured at 300K and 79K at an irradiation intensity of 1.1 suns is shown in Fig. 3. At 79K, VOC=941 mV 
was measured, compared to a value of 606 mV at 300K. The current drops from 16.4 mA/cm2 at 300K to 
5.7 mA/cm2 at 79K.  
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Fig. 3. IV-curves under illumination of 1.1 suns at 300K and 79K 
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Fig. 4. Measured VOC (black dots) from 80 K to 300 K and theoretical VOC according to the standard and the advanced model. A 
change of the slope can clearly be observed. The theoretical curves were calculated with 1.5·1016 cm-3 base doping, an irradiation 
intensity of 2.6 Suns and an offset of -52 mV to resemble the measured value at room temperature 
The temperature dependence VOC(T) is shown in Figure 4 (black dots) together with theoretical curves 
(red and blue lines) according to the standard and the advanced model. The highest values for VOC reach a 
value of 1012 mV at 85.8 K. Obviously, the voltage of a real solar cell with non-ideal recombination is 
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lower than the theoretical limit. For a given short-circuit current, the open-circuit voltage is determined by 
J0 under the assumption of the one-diode model with an ideality factor of 1: 
 1)/ln)( 0  JJ
e
TkTV SCBOC . (8) 
In this equation, a higher J0 (lower voltage) translates to a smaller argument of the logarithm which in 
the approximation of JSC/J0+1≈JSC/J0 is equal to adding a constant offset. Therefore, an offset VOC, 
Theory300 K) was introduced to Eq. 5 which was treated as a fit parameter to adjust the theoretical value 
to the experimental VOC at 300K. In this experiment, 'n was not determined independently and thus 
treated as a second free parameter in the fit of Eq. 5 to the experimental data. It has to be noted that after 
the temperature-dependent measurement shown in Fig. 4, additional measurements were done that led to 
a degradation of the solar cell. Afterwards, the IV curves shown in Fig. 3 were recorded. Because the data 
in Fig. 3 are not comparable to the data in Fig. 4, the excess carrier density could not be determined, as 
mentioned before. Good agreement is achieved with an offset of -0.52 mV and an illumination intensity 
of 2.6 suns, as shown in Fig. 4. The base doping NA was set to 1.5·1016 cm-3, corresponding to the 1 :cm 
base material (boron) the cell was made of. It is also noted that within a variation of 
1014 cm-3 ≤ 'n ≤ 1015 cm-3 and 0 ≤ VOC(300 K) ≤ 100 mV, no agreement between the standard model and 
the experiment (data shown in Fig. 4) could be found. This clearly demonstrates the importance to take 
the full advanced model (especially including the temperature dependence of the band gap and the 
effective density of states), into account. 
4.2. Intensity dependence 
The open-circuit voltage rises logarithmically in first order approximation with the illumination 
intensity as is evident from Eq. 5. However, it is to be expected that this increase saturates before the 
quasi-Fermi levels reach the bands. For a more detailed understanding of the temperature behaviour, the 
intensity dependence of the open-circuit voltage was measured and compared to the theory. Note, that 
within the theoretical framework used here we assumed that the excess carrier concentration is 
proportional to the generation rate 'n=G·W and not temperature dependent. In general, this is not true: 
Defect spectroscopy [4] exploits the temperature and the intensity dependence of the charge carrier 
lifetime W('n, T) to extract recombination parameters of defects in the Si bulk.  
Intensity-dependent measurements were performed at different set temperatures of the cryostat. 
However, the cell temperature changes with the irradiation intensity also for the same set temperature of 
the cryostat. This results in a broad scattering of the data. The entire set of data is plotted in Figure 5 
(left). In order to account for the real cell temperature, the voltages were corrected in first order using the 
partial derivative of the theoretical voltage: 
T
ITVTTITVITV Cell
Theory
OC
CellCellOC
corrected
OC w
w| ),()(),(),( exp  (9) 
TCell is the temperature measured with a PT100 on the copper plate the cell was mounted to and 
directly next to it. The correction was done for 120K. Fig. 5 shows the corrected values along with the 
theory. The corrected values are in well agreement with each other. Interestingly, the difference between 
the theoretical curve and the corrected experimental data is approximately constant and similar to the 
voltage offset in Fig. 4. This result confirms that the open-circuit voltage is well described by the model 
presented in this paper, and that the simplification of neglecting changes in 'n as the temperature changes 
is justified. 
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Fig. 5. (Left) Intensity dependent measurement of the open-circuit voltage for four temperature ranges. For low temperatures, a 
saturation of the voltage can be observed. Because the solar cell temperature is strongly influenced by the actual irradiation 
intensity, the data are scattered. After correction for the cell temperature deviation from 120K, all data points are in very well in 
accordance (see text). The theoretical VOC(I), calculated with the advanced model at 120K is shown for comparison (red line). The 
difference to the experimental data arises because no voltage offset like for the fit shown in Fig. 4 was accounted for. 
5. Conclusion and Outlook 
In this paper, the dependence of the open-circuit voltage on the solar cell temperature and irradiation 
intensity was investigated. Several temperature models were compared theoretically. Beside the direct 
temperature dependence of the intrinsic carrier density, the most prominent effect influencing VOC stems 
from the band gap temperature dependence. Towards lower temperatures, the VOC(T) curve changes its 
slope due to the T3/2-temperature dependence of the effective densities of states. Incomplete ionization 
(“freeze out”) and the effective masses only have a minor impact on the implied voltage. However, freeze 
out within the selective contacts is responsible for a drop of the external voltage towards low 
temperatures (T<50K). For temperatures >50K and doping concentrations <1016cm-3 (Boron), the external 
voltage is not influenced by temperature effects of the emitter or back surface field and may be used as an 
approximate to the implied VOC. The theoretical framework presented in this paper allows an accurate 
modelling of the open-circuit voltage as a function of the temperature and illumination intensity. The 
combination of the intensity and temperature dependence yields a description for quasi steady state 
(QSS)-VOC(T) data. A series of QSS-VOC [7] measurements at different temperatures provides the pseudo-
IV curve and the lifetime W(T) at the temperatures considered. This enables a defect characterization on 
device level, and thus of e.g. thin film materials to which QSS photoconductance or QSS 
photoluminescence cannot be applied. 
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